T lymphocytes have a central role in allograft rejection. On engagement of the T cell receptor by antigenic peptide-major histocompatibility complex (MHC) complex, a second "costimulatory" signal is critical to full T-cell activation or downregulation. In this study, the effect on corneal allograft survival of modulation of the costimulatory molecules programmed death-1 (PD-1) and inducible costimulatory (ICOS) molecule was examined. These molecules are known to modulate, respectively, negative or positive T-cell activation signals.
C ornea is the most commonly transplanted tissue and the only treatment for many blinding corneal disorders. Despite a relative degree of immune privilege, all reports indicate that rejection is the most frequent cause of corneal graft failure. Corneal recipients at perceived high risk of allograft rejection are still reliant on systemic immunosuppression, the adverse effects of which are not justified in many patients in whom vision is normal in the contralateral eye. 1, 2 In this way, particularly in corneal transplantation, there is a requirement for more specific immunomodulatory interventions that would allow the opportunity of transplantation to those patients to whom it is currently unjustified or denied. T lymphocytes are known to have a central role in rejection of grafts, including corneal allografts. 3, 4 After interaction of antigen-major histocompatibility complex (MHC) with the Tcell receptor (TCR)-CD3 complex, which gives specificity to the immune response, costimulation through one or more additional receptor-ligand pairs has been shown to be necessary for full activation of naive T cells. 5 After engagement of the TCR by the allogeneic peptide-MHC molecule complex, a second costimulatory signal is critical for T-cell activation to full effector function. The best-studied costimulatory interactions are those of CD80 and/or CD86 molecules on antigenpresenting cells (APCs) with CD28 or CTLA-4 on the T-cell surface 6 and CD40 engagement of its transiently expressed ligand CD154 on the T-cell surface. A positive stimulus to T-cell activation results from each of these costimulatory interactions, with the exception of CTLA-4 ligation by CD80 or CD86, which results in a negative signal.
A second tier of costimulatory molecules includes inducible costimulatory (ICOS) molecule and the programmed death molecule (PD-1). ICOS is the third member of the CD28 family and is upregulated on activated T cells. [7] [8] [9] ICOS does not interact with the ligands for CD28 and CTLA4 but interacts with its own ligand (ICOSL). It has been shown to maintain or modulate the immune responses in primed and memory T cells, and stimulation of ICOS in response to TCR activation augments T cell proliferation. 7 Blockade of the ICOS-ICOSL pathway is effective in suppressing the function of recently activated helper T cells, resulting in inhibition of IL-4 and IFN␥ production. 10 As opposed to the CD28-CD80/CD86 pathway, ICOS-ICOSL interaction may be required at a later stage in the immune response and predominate over CD28 for inducing secondary immune responses. 8 Several studies have examined modulation of the ICOS pathway in transplantation. Blockade with anti-ICOS antibody combined with cyclosporine (Cys) or anti-CD154 antibody not only suppressed intragraft T-cell activation and cytokine expression but prevented an occurrence of chronic rejection and induced long-term acceptance of cardiac allograft in mice. 11 These findings suggest that the ICOS-ICOSL pathway is important in the development of acute and chronic allograft rejection. Others have shown that the blockade of the ICOS-ICOSL pathway can prolong the allograft survival of liver, 12 islet cells, 13 and other tissues. 14 -16 PD-1 (CD279) is an inhibitory receptor expressed on activated T, B, and myeloid cells. 17 PD-1 is a member of the immunoglobulin (Ig) superfamily, shares a 23% identity with CTLA-4 and has two ligands: PD-L1 and -L2. In vitro experiments demonstrate that PD-1 can inhibit T-and B-cell activation. 18, 19 PD-1 Ϫ/Ϫ mice have shown that PD-1 serves as a negative regulator for immune responses as these mice develop lymphoproliferative and autoimmune diseases, demonstrating a role in lymphocyte deactivation and tolerance. 20, 21 Defects in positive thymocyte selection found in transgenic mice that constitutively overexpress PD-1 on CD4 ϩ CD8 ϩ thymocytes resolve on elimination of PD-L1, but not PD-L2, ex-pression; this indicates that PD-1:PD-L1 interactions are important in development of the T-cell repertoire. 22 Systemic treatment of mouse cardiac allograft recipients with PD-L1 and PD-L2 fusion proteins alone did not prolong allograft survival, although therapy with PD-L1.Ig and Cys significantly enhanced survival. This remained significant in comparison with PD-L2.Ig and Cys, or Cys alone. 23 PD-L1.Ig in combination with anti-CD154 antibody has also been shown to extend survival of pancreatic islet allografts. 24 In keeping with the known importance of both CD28 and CD154 ligation in primary T-cell activation, it has already been demonstrated that blockade of these pathways individually 25, 26 and in combination 27 prolongs corneal graft survival. This reported extended corneal survival was not indefinite-perhaps a parallel to the observation that in vascularized organ models, CD28 or CD154 pathway blockade usually fails to prevent graft loss because of chronic rejection. 24 It is known that these costimulatory molecules are less important in the generation and maintenance of effector and/or memory T-cell functions. 20, 21 Accordingly, modulation of the additional PD-1 and ICOS costimulatory pathways may provide the necessary second signals for complete T-cell activation. In the work described herein, we examined the role of these pathways in the allogeneic response to a cornea. The results show that ligation of PD-1, but not blockade of signaling through ICOS, diminished graft infiltration by alloreactive mononuclear cells and promoted graft survival.
METHODS

Construction and Purification of PD-L1.Ig and HuIgG 1 Fc Fusion Proteins
Recombinant PD-L1.Ig fusion protein and the control HuIgG 1 Fc protein were produced as secreted proteins from Chinese hamster ovary (CHO) cells. Briefly, the cDNA fragment encoding the extracellular domain (amino acids 19-237) of murine PD-L1 was polymerase chain reaction (PCR) amplified from a pAXEF vector (kind gift from Gordon Freeman, Dana Farber Cancer Institute, Boston, MA) that contained the full PD-L1 cDNA sequence (GenBank AF233517; http://www.ncbi. nlm.nih.gov/Genbank; provided in the public domain by the National Center for Biotechnology Information, Bethesda, MD). The sense and antisense primers 5Ј-CGGGGTACCTTTACTATCACG GCTC-3Ј and 5Ј-CTAGTCTAGACCTGTTCTGTGGAGG-3Ј were designed and include the restriction sites KpnI and XbaI, respectively. The PCR product was cloned into the mammalian expression vector signal pIg (Invitrogen, Carlsbad, CA) upstream of the Fc portion of human IgG 1 Fc already contained within the vector. The ligated vector (PD-L1.Ig) and original vector (HuIgG 1 Fc) were each transfected into the CHO cell line, using a lipophilic transfection reagent (Lipofectamine; Invitrogen) according to the manufacturer's instructions. Transfectants were selected in 1 mg/mL G418 and subsequently subcloned to generate a stable transfectant. Cells were maintained in serum-free CD-CHO medium (Invitrogen). PD-L1.Ig and HuIgG 1 Fc in the culture supernatant were each purified by passing through a protein G-Sepharose column (SigmaAldrich, Dorset, UK), and bound protein was eluted with 100 mM glycine-HCl (pH 2.7) and immediately neutralized with 1 M Tris-HCl (pH 9.0). The eluted protein was concentrated with a centrifuge (Vivaspin; Sartorius, Epsom, UK). The correct size of PD-L1.Ig and HuIgG 1 Fc was determined by a reducing sodium dodecyl sulfatepolyacrylamide gel electrophoresis, with PD-L1.Ig purchased from R&D Systems (Oxfordshire, UK) as a standard.
Quantification of PD-L1.Ig by ELISA
A 96-well microtiter plate (Nalge Nunc International, Roskilde, Denmark) was coated with 10 g/mL rat anti-mouse PD-L1 antibody (eBioscience, San Diego, CA) prepared in 0.1 M Na 2 HPO 4 (pH 9.6). After overnight incubation at 4°C, the plate was washed with PBS 0.1% Tween and blocked with 2% bovine serum albumin (Sigma-Aldrich) for 1 hour at 37°C. Plates were washed again, and the standard (PD-L1.Ig; R&D Systems) added in 100 L volumes to each well in duplicate; incubated for 1 hour at 37°C and washed again. The secondary antibody, biotinylated anti-human IgG (Zymed, South San Francisco, CA) at 1:1000 dilution was then added and incubated for 1 hour at 37°C. After three washes, 100 L of streptavidin/HRP (1:10,000; Dako, Glostrup, Denmark) in PBS 0.1% Tween was added to each well for 30 minutes at 37°C. The plate was washed in PBS 0.1% Tween and once in PBS, and 100 L TMB substrate (Sigma-Aldrich) was added and incubated at room temperature. The reaction was stopped by the addition of 50 L of 1 M H 2 SO 4 . Plates were read at 450 nm on a microplate reader.
Antibodies
The rat anti-mouse ICOS mAb (7E.17G9) and control rat IgG 2b (eB149/ 10H5) were purchased from eBioscience and used in both in vitro and in vivo experiments.
Mixed Lymphocyte Reaction
Splenocytes from BALB/c mice were incubated with a mixture of anti-CD16/CD32, anti-CD8 (eBioscience) and anti-MHC class II (BD Biosciences, Erembodegem-Aalst Belgium) for 20 minutes at a concentration of 1 g/10 7 cells/100 L of RPMI-1640. Cells were washed and incubated with goat anti-rat IgG-coated beads (Dynal, Bromborough, UK) for 20 minutes at two beads per cell. The cells were then negatively selected and incubated with a further round of beads. Soluble anti-CD3 (eBioscience) at 1 g/mL was then added to the purified CD4 ϩ T cells and plated in a 96-well plate at 5 ϫ 10 5 cells per well at 37°C for 24 hours before coculture. This step was necessary to upregulate the ICOS molecule on the T cell. The preactivated T cells were then cocultured with irradiated (60 Gray) splenocytes (1 ϫ 10 5 cells/ well) from C3H mice that had been dendritic cell (DC) enriched by incubating them in lipopolysaccharide (LPS; Sigma-Aldrich) at 10 g/mL for 48 hours before coculture. The cells were cultured for 4 days, and proliferation was measured by a 16-hour pulse with 1 Ci 
Lymphocyte Proliferation Assay
Testing of the functional capacity of PD-L1.Ig was as previously described, 22 with minor modifications. In brief, a flat-bottomed, 96-well plate was coated with anti-CD3 (eBioscience) at 2 g/mL in 50 L of PBS (pH 7.2) at 37°C for 3 hours. Various doses of PD-L1.Ig or control HuIgG 1 Fc in 50 L PBS were then added into the plates and kept at 4°C overnight. The plates were washed with 100 L PBS per well twice before the splenocytes were seeded. Splenocytes (3 ϫ 10 5 /well) were cultured in 200 L RPMI-1640 (Invitrogen) supplemented with 100 U/mL penicillin, 100 g/mL streptomycin, 2 mM 2-mercaptoethanol, and 10% fetal calf serum at 37°C. For the last 16 
Animals
Experiments were conducted in inbred adult female BALB/c mice (H-2 d ; Harlan Olac, Bicester, UK) as graft recipients. Female C3H/He (H-2 k ; Harlan Olac) mice were used as allogeneic donors. These are fully mismatched for MHC and multiple minor histocompatibility antigens. Animals were maintained in a specific pathogen-free facility and treated in accordance with the United Kingdom government regulations for care of experimental animals and with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. with some modifications. 27 A 2.5-mm diameter donor corneal graft was sutured into a 2-mm recipient corneal bed with one continuous 11-0 suture (Ethicon, Somerville, NJ). At the end of the procedure chloramphenicol ointment (Martindale Pharmaceuticals, Brentwood, UK) was applied to the cornea and the eyelids sutured closed with 7-0 Vicryl (Ethicon) to protect the cornea for the initial 48 hours. At that time and every 2 days thereafter the eye was examined by operating microscope. Technically satisfactory grafts had corneal opacity grade 0 to 1 at all times until the corneal suture was removed on day 7. All other graft recipients and those with intraocular hemorrhage or cataract were excluded from further analysis. The onset of graft rejection was diagnosed when corneal opacity increased to grade 3 (no iris vessels visible) in a graft previously transparent after transplantation. Grading of corneal opacity was as previously described 29 with minor modifications, as follows: 0, completely transparent cornea; 1, minimal corneal opacity, but iris clearly visible; 2, moderate corneal opacity, iris vessels still visible; 3, moderate corneal opacity, pupil margin but not iris vessels visible; and 4, complete corneal opacity, pupil not visible. Grading of graft transparency was undertaken by an examiner masked to the treatment group of each animal.
In Vivo Treatment of Graft Recipients
PD-L1.Ig and the control HuIgG 1 Fc proteins were administered to recipient animals by intraperitoneal injection of 100 g on days 0, 2, 3, 5, and 10 after transplantation, as described by Gao et al. 24 Anti-ICOS antibody and the corresponding isotype control rat IgG 2b were administered at the same concentration but on days 0, 2, 4, 7, and 10 after transplantation, as described by Kosuge et al. 14 Control and functional protein groups were contemporaneous to allow random allocation of graft recipients to treatment groups and masked examination of grafts after transplantation.
Immunohistochemistry
Rejection was confirmed by end-point histology in all graft recipients. To maintain corneal integrity for cryosectioning, whole eyes were removed on the day of observed onset of rejection. The tissue was placed in optimal cutting temperature (OCT) embedding matrix (CellPath, Powys, UK), snap frozen in liquid nitrogen, and stored at Ϫ70°C. Tissue was the cryosectioned and fixed for 10 minutes in 50% acetone and 50% methanol before staining with hematoxylin and eosin or immunohistochemistry. Cryostat sections were first blocked for 20 minutes with 3% rabbit serum (Sigma-Aldrich) and then incubated with a 1:10 dilution of rat anti-mouse CD45 (BD Biosciences) for 1 hour. Sections were then washed and incubated with 1:50 dilution of rabbit anti-rat-peroxides (Dako). The chromogen 3,3Ј-diaminobenzidine tetrahydrochloride (DAB enhanced liquid substrate system; Sigma-Aldrich) was then applied before hematoxylin counterstaining. Positive controls were sections of mouse spleen. Negative controls were sections incubated with rat IgG 2b as the primary antibody.
Scoring of Positive Staining in Tissue Sections
Positive-stained cells in immunohistochemical sections were counted in three adjacent light microscope fields in the center of the corneal graft, under 500ϫ objective magnification. Counts were made in three nonserial sections of each specimen in three corneas from each treatment group.
Statistical Analysis
Actuarial graft survival was analyzed by the Kaplan-Meier survival method. 30 The log-rank test was used to examine for significant difference between the groups. Student's t-test was used to analyze immunohistochemistry data and corneal opacity time. P Ͻ 0.05 was defined as statistically significant; only significant probabilities are shown. Standard deviation is represented by error bars.
RESULTS
Effect of PD-L1.Ig on In Vitro Activation of T-Cells
For testing the functional effect of PD-L1.Ig on T-cell activation in vitro, splenocytes from BALB/c were stimulated with platebound anti-CD3 and PD-L1.Ig. Cell proliferation was measured by [ 3 H]thymidine incorporation after 4 days. As shown in Figure 1a , anti-CD3 induced proliferation, which was markedly and dose-dependently inhibited by the inclusion of PD-L1.Ig.
Effect of Anti-ICOS Antibody on Activation of T-Cells In Vitro
To confirm that anti-ICOS antibody induced blockade, it was necessary to preactivate T cells to upregulate ICOS before coculture. CD4 ϩ T cells purified from BALB/c mice were preactivated with anti-CD3 for 24 hours before coculture with dendritic cell-enriched splenocytes taken from C3H mice. Cell proliferation was measured by [ 3 H]thymidine incorporation after 4 days. This mixed lymphocyte reaction in preactivated T cells showed proliferation that was markedly and dose-dependently inhibited by the inclusion of anti-ICOS (Fig. 1b) .
Corneal Allograft Survival
Actuarial graft survival in recipient groups is illustrated in Figure 2 . Sygeneic grafts in BALB/c recipients (n ϭ 6) remained transparent throughout a 100-day observation period. Survival of C3H donor corneas in unmodified BALB/c recipients ranged from 11 to 14 days (median survival time [MST] 12 days, n ϭ 6). Using this transplantation model, we determined the impact of stimulating the PD-1 receptor on the T cell with the soluble ligand PD-L1.Ig. The MST of allografts in BALB/c mice (n ϭ 6) treated with PD-L1.Ig was 21 days. This was significantly prolonged (P Ͻ 0.003), compared with either untreated or human IgG 1 Fc treated recipients (n ϭ 7, MST 13 days; Fig.  2a ). In contrast, allograft survival in BALB/c recipients treated with anti-ICOS antibody (n ϭ 8) was found to be similar to survival in those treated with the isotype control (n ϭ 8), with both groups having an MST of 12 days (P Ͼ 0.2; Fig. 2b ). This clearly suggests that the ICOS pathway has no significant functional role in corneal allograft rejection, at least to the extent that blockade of this pathway in isolation had no effect on graft survival.
Duration of Corneal Graft Opacity before Diagnosis of Graft Rejection
The interval from the initial detection of corneal opacity (grades 1 or 2) until diagnosis of rejection (grades 3 or 4) varied between groups. Whereas in the control allograft recipients this interval was 2.7 Ϯ 1.0 days, it was significantly prolonged to 11.3 Ϯ 5.0 days in PD-L1.Ig treated animals (P Ͻ 0.008), indicating a slower tempo to observed rejection onset (Fig. 3) .
Graft-Infiltrating Cells
In specimens from untreated, isotype control-treated, or anti-ICOS antibody-treated BALB/c mice that rejected corneal allografts, there was a high number of infiltrating CD45 ϩ inflammatory cells in the graft and in the anterior chamber. In contrast, those allografts treated with PD-L1.Ig had a significantly reduced cellular infiltrate, and the anterior chamber was almost devoid of inflammatory cells (Figs. 4, 5) . This result suggests that triggering negative signals through PD-1 not only inhibits the activation of T cells but also plays a key role in preventing activated T cells from migrating into the peripheral tissues.
DISCUSSION
Previous studies in our laboratory and others have provided clear evidence that reduction or elimination of costimulatory signaling through CD28 26 and/or CD154 25, 27 can, in the absence of any other intervention, prolong the survival of rat and mouse corneal allografts. These approaches in several other transplant models have resulted in similar effects in prevention of rejection, although not tolerance induction. [31] [32] [33] However, in contrast with reported extended survival of vascularized organ and islet allografts in other models, [12] [13] [14] [15] [16] we did not find prolonged survival of corneal allograft after treatment with anti-ICOS antibody. Although the antibody used was functionally active in blocking T-cell proliferation in vitro, it remains possible that the dose administered in vivo was insufficient to reduce the allogeneic response after corneal transplantation as determined by graft-infiltrating cell numbers and actuarial sur- Intraperitoneal injection of 100 g anti-ICOS on days 0, 2, 4, 7, and 10 after transplantation. Modulation of the ICOS:ICOSL pathway. Anti-ICOS-treated mice had no effect on survival (MST, 12 days) with survival time similar to both the untreated recipients and those treated with rat IgG 2b (MST, 13 days; P Ͼ 0.2). vival. As in murine cardiac grafts, 11 it may be necessary to combine anti-ICOS antibody with a calcineurin inhibitor or anti-CD154 antibody treatment to observe a more significant in vivo effect.
In contrast to the experimental approach that reduces T-cell activation by inhibiting positive costimulatory molecule signaling, augmented ligation of the downregulatory, costimulatory ligand PD-1 is a converse method. The two earlier reports on cardiac and islet transplantation models demonstrated that PD-L1.Ig treatment alone did not extend heart or islet graft survival, but did so when administered with Cys 23 and with anti-CD154 antibody, 24 respectively. As with ICOS modulation, cornea differs from other allografts in PD-1 modulation. In our experiments, PD-L1.Ig administration without any additional intervention significantly reduced alloreactive graft infiltrates and extended corneal allograft survival.
We found that engagement of PD-1 with the dimeric recombinant fusion protein, consisting of the extracellular domain of PD-L1 and the Fc portion of human IgG 1 , at the time of anti-CD3 stimulation inhibited T-cell proliferation in vitro. This finding, along with the effects of the fusion protein on corneal allografts in vivo, is consistent with the reports of other groups using this recombinant protein and supports the growing consensus of the role of PD-1 as a negative regulator of T-cell activation. 24, 34 One possibility for the difference between our data and the findings in these other studies could be the potential differences in PD-L1.Ig fusion proteins used. Although the fusion protein used in the experiments described was prepared in our laboratory, others have the same PD-L1.Ig construct design using the extracellular portion of the ligand PD-L1 fusing it to HuIgG 1 Fc. 23 , 24 Subudhi et al. 35 have also compared PD-L1.Ig developed in different laboratories and demonstrated consistent in vivo results. PD-1 ligation triggers negative regulation in lymphocytes and appears to play an important role in the regulation of peripheral tolerance. 21 A noteworthy feature of the PD-1 costimulatory pathway is a very broad expression of both the receptor and its PD-L1 and -L2 ligands in lymphoid and nonlymphoid tissue in comparison to the better characterized negative costimulation pathway: the CTLA4 receptor and its CD80/86 ligands. 34, 36 PD-1 is induced on activated T, B, and myeloid cells, 37 whereas PD-1 ligands are constitutively expressed in parenchymal tissues and induced on activated lymphocytes, APCs, and endothelium. We have found that PD-L1 is expressed on activated mouse corneal endothelial cells (manuscript in preparation), suggesting a role for PD-L1 in downregulating T-cell responses and the maintenance of immune privilege in the anterior chamber. Therefore a possible explanation for delayed corneal allograft rejection after treatment with PD-L1.Ig alone may be a synergistic effect of the endogenous PD-L1 expressed on the endothelium of the donor and residual recipient cornea with systemically administered PD-L1.Ig. The exogenous PD-L1.Ig may function at the regional lymph node in suppressing T-cell activation, which alone may not be sufficient to prolong graft survival. However, alloreactive T cells that are not suppressed by PD-L1.Ig and migrate to the anterior chamber may then be suppressed by endogenous PD-L1 expressed on graft endothelium. Although each mechanism alone may be insufficient to prolong graft survival, an additive effect may result from the combination in vivo.
Finally, it is noteworthy that the C3H (H-2 k )3 BALB/c (H-2 d ) donor-recipient strain combination used in these experiments is a high-responder allogeneic combination, with median corneal graft survival in unmodified graft recipients of 12 days. In contrast, reported survival times in BALB/c recipients of C57BL/6 (H-2 b ) and C57BL/10 (H-2 b ) donor corneas were 5 weeks 38 and 38 days, respectively. 39 Irrespective of the immunogenetic basis of the variation in survival in combinations with different histocompatibility mismatches, experimentation in a high-responder combination is one strategy for evaluating immunomodulatory agents with greatest therapeutic potential. This may be one reason underlying the failure to find an effect on graft survival after ICOS modulation and may explain why, even though graft survival was prolonged, all grafts were rejected in PD-L1.Ig-treated recipients by 40 days. Combination with reagents blocking other costimulatory pathways such as CD28 and with subtherapeutic doses of calcineurin inhibitors in further studies would be of clear interest. In summary, these results indicate significant therapeutic potential for reagents ligating PD-1 but not, at least on the basis of the preliminary experiments reported, ICOS in corneal transplantation. There is no clear explanation for some divergence of these findings from those reported in other transplantation models. However, as in any such comparison of corneal transplantation to that of other tissues, possible influences of fundamental differences in corneal transplantation, such as the predominance of indirect allorecognition and multiple mechanisms contributing to relative immune privilege, must be borne in mind.
